Abstract. Fracture accidents of a certain type of pump shaft on a ship occurred repeatedly at runtime. The physicochemical properties, macro morphology, microstructure, chemical compositions at typical locations are analyzed in this paper. The main reason of the accidents is fatigue fracture. The material analysis and subsequent force-vibration analysis give the main cause of pump shaft fracture and provide guidance for ships design.
Introduction
There are a large number of pump systems on modern ships. Proper functioning of the pumps/shafts systems is related to the stable operation of ships' power systems, which is very important to the safety, the reliability and the maneuverability of the ship [1] . Fracture accidents occurred repeatedly on a shaft of a certain type of pump. It caused serious harm to the stable operation of the ship. Therefore, the analysis of the pump shaft fracture is urgently needed.
The shaft fracture of the pump for the first time caused the blade fracture, the rotor unbalance and strong vibration. Severe collision occurred between the static and the dynamic parts. In subsequent accidents, the shaft fracture section was well preserved. The fracture surface presented the bending fatigue fracture morphology, with high temperature on the shaft head. The phenomenon revealed the shaft head had received an additional force that caused the fatigue fracture [2] .The preliminary analysis of the above phenomenon showed two possibilities. One was the problem of pump shafting alignment. The other was too much hot deformation [3] . This paper carries out the analysis work of the fractured shaft material to reveal the reason of the pump shaft fracture from the aspect of the material mechanism.
Analysis of Material Performance The Basic Physical and Chemical Properties of the Shafting Material
The material of the fractured shaft is 34CrNi3Mo (a type of low alloy steel). The chemical composition and mechanical properties of the material are listed in Table 1 and Table 2 . The hardness of the shafting material should be HB269 ~ 303 according to the design requirements. From the results of the hardness measurement, the hardness of the shafting material is within the prescribed scope.
Macro Morphology of the Shafting Fracture Section
The macro morphology of the shafting fracture section is shown in Fig. 1 . The shafting section is relatively smooth, with obvious shell lines which are the macro characteristics of fatigue [4] . Small arcs appear on both sides of the key groove, which are fracture origins. A tearing line extends to the axis in the center of the key groove. Besides the line, there is a separate extension crack on the lower right side of the Fig. 1 . It mainly extends along the edge and develops later than the prior one. These cracks eventually lead the shaft to fracture. The cracks occupy nearly 30% of the shaft cross-sectional area. A crack can be seen on the axis side, 3 ~ 4 mm from the step of the shaft sleeve (Fig. 2) . The crack is basically paralleled with the crack surface, but more far away from the key groove, which shows the origin of the shaft crack is not directly related to the key groove. In stereo microscope, oxidation color is obviously in the three fracture origins, from brown to blue. The three axis lateral cracks are obviously scratched.
Micro Morphology of the Shafting Fracture Section
The scanning electron microscopes (SEM) of the fracture origins are shown in Fig. 3 . The fracture origins are more smooth than other positions, which are the typical fatigue fractures, but without the typical fatigue front line, due to the friction between both sides of the early formative cracks [5] . The fatigue front lines are in the smooth fracture surface without friction, as shown in Fig. 3 (c) . The enlarged morphology of the cracks paralleled to the axis step edge is shown in Fig. 4 , 5 and 6. A detachment can be seen in the middle of the crack in Fig. 5 , with the size of 0.5 mm x 0.1 mm. Actually, the other two adjacent detachments, with relatively same size, are also in the extent of the exfoliation. It's a very special cracking phenomenon. In order to check whether the microstructure in this region is special, some samples from this part are observed by metallographic microscope, as shown in Fig. 7, 8 and 9 , respectively. All of the microstructure above are tempered martensite, called sorbite [6] .
Energy Dispersive Analysis of X-ray on Shaft Materials Section
The fracture origin and the center of the fracture surface are detected by energy dispersive analysis of X-ray (EDX) in order to compare the materials between them. The results are shown in Fig. 10 . No other elements besides some oxide are found at the center of the fracture surface. Oxidation at different positions is different: oxygen content is 14.14% near the fracture origin, while 13.43% at the axis, indicating that higher oxygen content is at the fracture origin. 
Analysis of Fractures Causes
Some results can be seen from the macro and micro analysis of the pump shafting fracture: the chemical composition and mechanical properties of the pump shafting materials conform to the requirements of the enterprise standard; the shaft's geometry size meets the requirements of the blueprints. Fractures occur near the shaft coupling that is the smallest size shaft part (Φ 40 mm), neither at the stress concentration of the variable cross section, nor at the shaft's key groove. It shows the several fracture are not simply caused by axial normal stress [7] .
From the perspective of the shafting fracture, the three fracture origins are all in the surface of the shafting fracture, not on the gap's key groove. Two of the fracture origins symmetrically distribute on both sides of the key groove (6 mm from the side of the key groove). The dark blue oxide can obviously be seen at the fracture origin observed by the low-magnification microscope, also on the shaft surface. The oxidation tint, from golden (near the end of the thread) to blue (by the fracture surface) at lower part of the shaft's key groove, shows that the surface temperature at the fracture site has increased to above 500°C [8] . EDX shows that the oxide content in the fracture origin is higher than that at the axis site, indicating high temperature, up to about 600°C in some area, has ever been achieved. This phenomenon suggests that the shaft sleeve and the shaft have been vibrating because of friction [9] . The shaft sleeve connects with the shaft through the key groove positioning. The three fracture origins are in adjacent area of the contact point of the shaft sleeve and the shaft, where the stress of the shrinkage fit is maximum. In this case, the properties of the material get weak (the strength of steel falls 17% as the room temperature up to 500 °C [10] ). Even not a heavy force can cause several fatigue origins, which has exceeded the fatigue limit under such temperature. There is an oxidation color wheel at the other end of the shaft and shaft sleeve, indicating high temperature has appeared on both ends of the shaft and the shaft sleeve. High temperature is due to two possibilities: one is grinding between the shaft and shaft sleeve, producing heat especially with high frequency vibration; the other is the shaft bending deformation caused by shaft sleeve at both ends of the shaft. The key groove of the rotating shaft is pressed by a bending moment due to the two fracture origins at the same side of the key groove. Under the condition of high frequency, due to the shaft's rapid deformation, the shaft surface temperature rises rapidly, the actual strength of steel falls, and the several origins of thermal fatigue cracks occur.
According to the average rate of the fatigue crack propagation, da/dN = 7.4 x 10 -2 mm/cycle, measured on the fracture section, the time of the crack propagation is less than 1 minute. With high frequency vibration, the fatigue cracks can be changed to the massive spalling. When the pumps running at high speed, the intense vibration occurs, the temperature up and the smoke out. Considering the average incubation period of crack is 50 to 70% of the total fracture time, the pump shafting fracture is a kind of fatigue fracture with the bending vibration of the high speed rotating shaft and the shaft sleeve.
Conclusions
(1) The pump shafting fracture belongs to fatigue fracture. ( 2) The main cause of the fracture is the additional bending moment on the pump at runtime, not the shafting alignment at no runtime. The reason of the additional bending moment needs to be confirmed by the analysis of the stress from pump group, the shafting vibration, the foundation stiffness and the pumps overall design, etc.
The subsequent further analysis shows that the weak stiffness of the pump body, the heating deformation of the external pipes, the error of the pipes during the installation process, and the imbalance of the pump group foundation's bending stiffness are the main causes of the pump shaft's multiple fractures.
The above material analysis and the subsequent further analysis of stress and vibration of the pump shaft find out the reason of the pump shaft's repeated fracture accidents, providing guiding significance for the pump group design of the subsequent ships.
